In this paper, it would seem desirable to orient the informed, as well as the uninformed, workers in the fields of disinfection and antisepsis as to some of the theories that have been advanced concerning the possible mechanisms of action of "surface-active agents" upon microorganisms. Since several of the papers presented in this monograph include a discussion of "neutralizers," %activators," or "antidotal" substances which may be used to counteract the antibacterial activity of surface-active germicides, brief mention will also be made of this subject.
Some of the compounds that were incorporated on the nucleus of hexamethylenetetramine by Jacobs and Heidelbergerl-* may be considered surface-active agents. In one of the early publications by Jacobs," certain conclusions were drawn in respect to the correlation between chemical configuration of the hexamethylenetetramines and their degree and specificity of activity against bacteria. Note was made of the fact that the bactericidal nature of the compounds was primarily concerned with the hexamethylenetetramine portion of the molecule, whereas the degree of activity was determined by the nature of the molecular groups attached to the latter. Jacobs also demonstrated that the added groups on hexamethylenetetramine were responsible for the derivatives, showing, in some instances, incompatibility with serum and the toxicity of others.
In studying the mechanism of action of a homologous series of alcohols of the primary, secondary, and tertiary types, Cowleslo found that, against Eberthella typhosa and Staphylococcus aureus, the germicidal and surface activities increased with an increase in chain lengths of the alcohols. There appeared to be a close correlation between the germicidal action and surface activity of the alcohols, which suggested to him that these organic compounds may depend upon adsorption primarily and upon toxicity to bacterial protoplasm secondarily.
In studying the "detoxifying" action of various agents against bacteria, Harris and Bunker" found that tetramethylammonium chloride would destroy the virulence of bacteria under certain conditions without necessarily killing them. Inhibition of certain physiological processes of the bacterial cells were brought about by the germicide; yet the production of antibodies in the host continued. This action, observed with the tetanus organism, was attributed not to the surface-tension depressant action of the quaternary ammonium compound, nor to the particular anion or cation, but to the configuration of the molecule as a whole.
NeterI2 was able to demonstrate that amounts of as little as 0.1 mg. of a quaternary ammonium salt would detoxify 10 minimum lethal doses of tetanus toxin. This action was independent of any changes that could be attributed to the in0uence of pH. Serum would inhibit this detoxifying 66 action. No mention was made in the report as to whether or not the surface-active compound affected the antigenic properties of the detoxified toxin. Neter13 also presented the results of his observations on the effect of a surface-active cationic germicide upon plasma coagulation by staphylococci and upon fibrinolysis by streptococci. The compound in relatively high dilutions delayed the clotting of oxalated human plasma by staphylococcus cultures and inhibited fibrinolysis by hemolytic streptococci.
Holmes14 noted that the antigen in serological systems was not affected by an anionic detergent and that no change could be evidenced on bacteria, since the latter could still absorb antibody after treatment. The same agent also failed to denature antiserum in the concentrations tested. While alcohols were found not to alter the course of the reactions in precipitation and agglutination tests, the soaps used in the investigation were found to inhibit immunological reactions. This interference was attributed to an increase in the electrical charge on the organisms by the anionic soaps. Cationic detergents, on the other hand, acted in an opposite manner by spontaneously agglutinating the organisms due to markedly lowering their charge. Thus, the latter compounds decreased the stability of the antigen and also caused a nonspecific precipitation of serum.
Miller, Baker, and Harrison15 showed that a surface-active quaternary ammonium germicide would exert a pronounced inhibitory effect on respiration and glycolysis of organisms associated with dental caries. Concentrations as low as M/10,000 of the compound were effective in a matter of a few minutes. This action was complete and irreversible, inasmuch as the activity was not regained by washing the treated cells and again testing them for metabolic activity in fresh medium. In continuing these investigations, Miller and his co-workersl"l* observed that the quaternary ammonium germicides (cationics) would inhibit the metabolism of Grampositive and Gram-negative bacteria in concentrations ranging from 1/3000 to 1/60,000. The anionic surface-active compounds, on the other hand, showed complete inhibition only against the Gram-positive bacteria and here at a dilution of 1/3000. These workers implied that the complete absence of bactericidal action of anionic detergents and diminished activity of some of the cationic detergents against Gram-negative organisms may be related to differences in content, type, or cellular arrangement of phospholipids in the Gram-negative as compared to the Gram-positive bacteria.
Partial substantiation of the point just mentioned may be found in the report by Baker, Harrison, and Miller,I6 in which an investigation was made of the interfering action of phospholipids upon the antibacterial activity of a number of synthetic detergents. They had previously found that a combination of an anionic detergent with a cationic detergent (quaternary ammonium compound) would often result in the formation of a precipitate. This reaction was accompanied by an interference of the inhibiting action on bacterial metabolism by the anionic or cationic detergent. Hoxever, when phospholipids were added to a cationic detergent before or simultaneously with the addition of the latter to a bacterial suspension, although interference in metabolism of the cells would also occur, the reaction was considered quite different from that observed when cationic and anionic detergents were combined.
Using the manometric technique described by Baker and his co-workers, Ordal and BorgIg studied the oxidation of lactate by molecular oxygen as compared with the anaerobic oxidation of methylene blue in testing the activities of an anionic and a cationic detergent against S. aureus and Escherichia coli. These investigators found that the lactate dehydrogenase of S. aureus is more susceptible to the action of both anionic and cationic surface-active agents than that of E. coli. While both types of detergents inhibited the oxidation of lactate by S . aureus, only the cationic detergent (quaternary ammonium compound) inhibited the oxidation of lactate by E. coli. With S. aureus, little difference was noted in the concentrations of both types of surface-active compounds required to inhibit the oxidation of lactate by oxygen, as compared to the oxidation by methylene blue.
Sevag and Ross?O studied the mechanism of inhibitory action of a quaternary ammonium surface-active agent against yeast cells. A concentration of 1/1000 of the compound caused a marked fading or abolishment of the adsorption bands of a preparation of cytochrome C and yeast cells. In their manometric measurements, a 1/35,000 dilution of the quaternary ammonium germicide caused complete inhibition of the oxygen consumption of p-phenylenediamine in yeast cells, and the aerobic and anaerobic oxidation of glucose were inhibited.
Knox and his co-workersZ1 found that many of the cationic surface-active compounds which they tested in their metabolic studies would kill certain bacteria in concentrations that inhibited the metabolic reactions of the same organisms. They were able to demonstrate that cell-free bacterial enzymes can be inhibited by cationic detergent-protein ratios which are bactericidal for the intact cells. Furthermore, the killing and inhibition of bacterial growth are proportional to the detergent-bacteria ratio and not to the concentration of the detergent used. Their studies revealed, moreover, that certain enzymes may be specifically sensitive to the cationic quaternary ammonium germicides, which accounts for the metabolic inhibition, cell death, and permeability noted in bacteria treated with bactericidal amounts of the compounds.
Hotchkiss22 observed that the enzyme proteins or other vital parts of the bacterial cell appear to have a greater sensitivity to surface-active agents than do proteins in general. He noted that when bacteria are exposed to lethal concentrations of these compounds a leakage of nitrogen and phosphorus out of the cell would occur. This action can be demonstrated with cationic quaternary ammonium germicides, anionic surface-active compounds, cresols, bile salts, tyrocidin, and, to some extent, with nonionic surface-active agents. Germicides such as hydrogen peroxide, potassium permanganate, formaldehyde, organic mercurials, acridines, and the halogens failed to cause a leakage of cellular elements from bacteria.
Gale and Taylorz3 confirmed, in part, the observations of Hotchkiss in that they were able to demonstrate that organisms exposed to tyrocidin showed a loss of internal free lysin and glutamic acid. A similar action was noted when a quaternary ammonium surface-active compound and an anionic detergent were used as the suspending media. No such effect was obtained with gramicidin, penicillin, sulfathiazole, or acriflavine.
The conductometric measurement procedure described by Eggenberger el has been the most recent approach to an explanation for the possible mechanism of action of surface-active quaternary ammonium germicides upon bacteria. Their findings reveal that cells exposed to certain of these compounds will release a highly conducting material as a means of protection for the organism. The rate of excretion of the protective material was found to increase with increased concentration of the germicide, terminating in a literal outpouring of the substance as the point of rapid killing is reached. Autoclaved bacteria treated with the same germicides failed to show this effect. Electron microscope photographs failed to reveal that this outpouring of conducting material was due to the rupture of the cells of the organism, inasmuch as the cells killed by the germicides were still intact . ' The appearance of vacuoles and the enlargement of organisms exposed to penicillin as noted by Gardner25 may also be an effect of surface activity of the latter antibiotic. Hauser, Phillips, and VavruchZ6 and Hausern were able to demonstrate that penicillin solutions resemble soapy water and possess surface-active properties. These investigators found that the antibiotic bears an electric charge similar to soaps and has a tendency to cling to surfaces with an opposite charge. Using ultraviolet light microscopy, they found that penicillin coats bacterial cells, as evidenced by the bacteria taking on the fluorescent properties of the antibiotic. The partial lysis of human tubercle bacilli in the presence of high concentrations of penicillin, as noted by Kirby and Dubos,% may also be a function of the surface activity of the antibiotic.
Among the various effects of a quaternary ammonium surface-active germicide and anionic surface-active agents upon Trichomonas foetus reported by Lawrence29 was the gross shrinkage and complete fragmentation of the protozoal cells. In all the media in which cell fragmentation occurred, the surface tensions of the detergents were between 30 to 40 dynes per centimeter. Dissolution of motile trichomonads by quaternary ammonium germicides was also observed by MacDonald and Tatum,3O who studied the effects on Tr. hominis, Tr. vaginalis, and Tr. foetus.
Autolysis of protozoan cells, probably not unlike the action of quaternary ammonium germicides upon trichomonads, has been observed by Anderwho exposed cultures of trypanosomes to the antibiotic, subtilin, which was also found to possess surface tension depressant activity. He also reported that cultures of trophozoites of Endamoeba hislolylicum would "rupture" when exposed to the antibiotic.
An extensive series of investigations was carried out by Taft and Strandtmanr1,3~-~~ in which the effects of a quaternary ammonium surface-active germicide were determined against a variety of invertebrates. Among their observations was the rupturing effect of the compound on paramecia, colpidium, hypotriches, and planaria. While these and other organisms reacted differently to the germicide, this was not considered to be a phylogenetic difference but one due to the protective covering of the animals.
The action of the surface-active compound was attributed, to a large extent, to its ability to lower surface tension and to its wetting properties.
Kuhn and Bielig36 found that proteins such as gelatin and egg albumen are precipitated in a water solution by quaternary ammonium compounds, whereas the latter fails to precipitate globulin. This latter phenomenon is attributed to the isoelectric point values of the proteins. Since proteins are precipitated only in the form of their anions, the negative-charged proteid ions will react with the positively charged molecule of the cationic compounds. This may also explain part of the mechanism of the killing action of the quaternary ammonium germicides on bacteria. Thus, the reaction of this group of compounds could be with the anion of the cell protein and the complexes essential for life in the bacterial cell. A similar explanation has been offered by Pfankuch and R a u~c h e~~ for the mechanism of action of quaternary ammonium surface-active germicides against plant viruses.
Anson3' noted that synthetic detergents and bile salts would denaturate proteins such as hemoglobin and egg albumen at their isoelectric points and keep these treated proteins in solution. Furthermore, if an excess of anionic or cationic detergent is added to bacteria, there is denaturation of enzyme proteins, some of which may be necessary for the lysis of certain organisms such as the pneumococci.
In studying the virucidal activity of saponin, sodium desoxycholate, and an anionic detergent against viruses, Burnet and Lush% observed a close correlation between the concentrations of the agents capable of hemolyzing rabbit's red blood cells and the effect against herpes virus. Of the eleven viruses tested, only psittacosis virus was completely insusceptible to the several agents mentioned. They postulated from their findings that the inactivation within the virus cell is a function of some enzyme capable of disintegrating the surface of the virus particle in a manner analogous to that of the activity of the surface-active agents. A similar hypothesis was advanced by Smith39 for the mechanism of action of bile salts against viruses. This investigator also considered that virus inactivation was due to the presence of an autolytic ferment, and the rapidity with which the susceptible viruses are completely inactivated by sodium desoxycholate compares with the phenomenon of the bile solubility of the pneumococcus. This suggests that the virus elementary bodies may actually be lysed by bile constituents. This should be readily revealed through electron microscopy.
Albert40 attributed the action of cationic antiseptics to their basic ions, which react with the acidic ions of microorganisms. Thus, these compounds have a greater effect against those organisms that contain an excess of acidic groups (nucleus and enzyme systems) over basic radicals. This may explain the general trend of greater activity of the quaternary ammonium germicides against S . aureus and other Gram-positive bacteria that contain a high ratio of acidic over basic groups than against Gram-negative organisms where the ratio is reversed.
Valko and DuBois41 found that an active quaternary ammonium compound may be markedly diminished in its antibacterial action by a less active quaternary ammonium salt, even when the compounds contain reasonably comparable constituents in the molecules. They attributed this interference as a reaction that occurs on the surface of the bacterial cell or within the cell itself. Thus, certain spaces on or in the cell will specifically select the harmless cations and protect the organism from the more toxic cations.
D y a F also noted a reaction between bacterial cell constituents and a surface-active mordant, which he used prior to the addition of an aqueous solution of Congo red to the organisms. Following washing and counterstaining with methylene blue, the cell walls of yeast and bacteria stained red, with definite evidence of a red precipitate. While the cytoplasm of the cells appeared to be shrunken away from the cell wall, he did not consider this indicative that the quaternary ammonium germicide had not penetrated the cell membrane. This was supported by evidence presented to show that the cytoplasm of the vegetative cells in the surrounding medium stained black when treated with a quaternary ammonium salt and a fat-dye, Sudan black B.
Dyar and Orda143 and Rivela, Mallmann, and C h~r c h i l l~~ studied the electrophoretic mobilities of bacteria when treated with surface-active detergents. The first investigators found that anionic compounds produced no change, a slight change, or marked change in the electrophoretic mobility of the test organisms. Thus, if a change occurs, the concentration of the anionic compound a t which this first occurs may vary considerably. With the cationic compound, there was a general trend of a decrease in charge on the cells, reversal of charge, and, finally, stabilization of charge. Kivela and his associates observed that by merely washing vegetative cells and spores of bacteria, following treatment with a quaternary ammonium germicide, one can restore the normal electrical charge of the cells. While revival of the washed bacterial spores could also be demonstrated by bacteriological culturing, the vegetative organisms, on the other hand, could not be revived by this treatment.
The most recent trends in investigations on the mechanism of action of surface-active agents upon bacteria involves studies upon the latter in the presence of human and animal phagocytes. Berry, Starr, and HalleF found that certain compounds would at least double the number of bacteria ingested by human neutrophils as compared to control specimens in the absence of the surface-active detergents. The same compounds injected intraperitoneally into mice were also found to cause an elevation of phagocytic activity. Yet these investigators were unable to show any increased protection in Salmonella typhimurium-infected mice by the administration of the compounds that were active in the phagocyte-bacteria tests in vitro. They explained the latter as being due to the fact that no change in phagocytosis could be observed irt vitro when the blood cells and bacteria were incubated before they were combined with the detergents.
Nungester and Ames4* also reported on the influence of surface-active compounds upon phagocytic activity. Their studies reveal that some of the quaternary ammonium salts will materially increase the activity of phagocytes not only in vitro but also in vivo. Evidence for the latter is found in their data where mice infected with fatal doses of the pneumococcus were protected by treatment with a quaternary ammonium corn-pound. The concentration of the germicide used was not bacteriostatic for the organisms in vitro.
There are many references in the literature to the use of "neutralizers," "inactivators," and "antidotal" substances for the evaluation of the antibacterial activity of germicides, disinfectants, "sanitizers," and chemotherapeutic agents. K l a~n a n n~~ has compiled one of the most complete and comprehensive reviews on this general subject, and, for this reason, mention will be made solely of the several substances that have been recommended for the inactivation of the germicidal action of quaternary ammonium compounds. Domagk4* was first to call attention to the fact that anionic detergents (soap) will inactivate the surface-active cationic detergents. Soap has been used since then by many investigators to distinguish between the bactericidal and bacteriostatic activity of quaternary ammonium salts (James and E~kfeldt,4~. so Pressman and Baker, Harrison, and Millera were able to show that certain synthetic anionic detergents would also inactivate the germicidal properties of cationic detergents. The former compounds have also been used by Rahn,bP Weber and and others for this purpose. Valko and DuBois4' reported that bacteria which are apparently "killed" by a quaternary ammonium germicide may be revived by the addition of a high molecular weight anion, provided treatment with the latter occurs within 10 to 30 minutes. Klein and Kardon,be on the other hand, were able to demonstrate that "reversal" of quaternary ammonium activity cannot be produced once the organisms have been exposed to germicidal concentrations of the compounds. They found that the addition of an anionic detergent to the treated bacterial suspensions merely interrupted the continued action of the cationic detergents, thereby permitting surviving organisms to grow.
Unlike the ionic reaction between anionic and cationic compounds in the interference of the germicidal action of quaternary ammonium compounds by phospholipids, Baker and her co-workers" demonstrated the protective action of lecithin, cephalin, and sphingomyelin on bacteria that were subsequently exposed to lethal concentrations of the cationic germicides. Note was made of the fact that the lipids were ineffective unless they were added to the suspension of organisms just before or a t the same time as the quaternary ammonium salts.
Favorable results on the use of lecithin alone or in combination with other substances for the inactivation of cationic germicides have also been reported by Quisno, Gibby, and F~t e r ,~~ Armbruster and Ridenour,68 and others. The presence of phospholipids or related substances may also account for the inactivating action of the liver broth used by Zeissler and Gunther,6e and the oxgall employed by Klarmann and Wrighteo in their quaternary ammonium investigations.
Brief mention may be made of the studies of Goetchius,"' in which a sodium salt of a condensed aryl sulfonic acid was used as a cationic inhibitor, and the observations of Lawrence,02 which indicated that a naphthylene sulfonic acid would neutralize the antibacterial activity of quaternary ammonium compounds.
Annals New York Academy of Sciences
DuBois and Bibblee,62 etc.).
The most recent trend in the use of "inactivators" for distinguishing bacteriostatic from bactericidal activity of cationic germicides is the addition of the former agents to the sample at the time of collection, plus the incorporation of the same inactivator in the agar in which a determination of the numbers of viable bacteria is to be made (Weber and Black").
Although this concludes this rCsumC of the literature on the mechanism of action and neutralizing agents for certain surface-active germicides, it is not to be inferred that the review is a complete one. Selection of various publications has been made to indicate the various theories and methods that have been proposed on these subjects. Some of this material will be supplemented and new approaches to methods are envisioned from the papers that follow. 
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